Implantation of cell-laden scaffolds is a promising strategy for regenerating tissue that has been damaged due to injury or disease. However, the act of implantation initiates an acute inflammatory response. If the scaffold is non-biologic (i.e., a modified biologic scaffold or synthetic-based scaffold), inflammation will be prolonged through the foreign body response (FBR), which eventually forms a fibrous capsule and walls off the implant from the surrounding host tissue. This host response, from a cellular perspective, can create a harsh environment leading to long-lasting effects on the tissue engineering outcome. At the same time, cells embedded within the scaffold can respond to this environment and influence the interrogating immune cells (e.g., macrophages). This crosstalk, depending on the type of cell, can dramatically influence the host response. This review provides an overview of the FBR and highlights important and recent advancements in the host response to cell-laden scaffolds with a focus on the impact of the communication between immune cells and cells embedded within a scaffold.
Tissue engineering holds great promise for regenerating tissues and whole organs, which have been damaged due to injury or disease. When damage is severe or when endogenous cells are incapable of regeneration, a strategy that incorporates tissue-specific or stem cells into a scaffold will be important. One of the benefits of a scaffold-based strategy is the ability to design the scaffold with biochemical cues and degradation rates to enhance differentiation and tissue synthesis [1, 2] . To this end, there have been significant advancements in scaffold research and development, spanning biologic and synthetic-based scaffolds, for tissue engineering.
Despite significant research, only a few implantable cell-laden scaffolds have reached clinical success. One of the challenges is that the surgical implantation of the scaffold creates an injury and initiates an acute inflammatory response. In addition, scaffolds made from non-biologic materials will be recognized as foreign and elicit a foreign body response (FBR), which is characterized by chronic inflammation and fibrosis [3, 4] . The FBR has been well-documented to acellular non-biologic scaffolds, including chemically crosslinked decellularized extracellular matrix (ECM) [5] , crosslinked collagen gels [6] , poly(α-hydroxy ester) scaffolds [7] , alginate hydrogels [8] , poly(ethylene glycol) (PEG)-based hydrogels [9] . Since the FBR is the body's normal response to an implanted non-biologic material, the FBR has often been used to classify a material as biocompatible [3] . However, the scaffolds that have been clinically successful, albeit only a few, have been largely limited to natural, unmodified, biologic materials (e.g. [10, 11] ). This raises the question as to whether the prolonged inflammatory response is limiting the advancement of cell-laden non-biologic scaffolds.
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For tissue engineering, where cells are embedded within a scaffold, cells are known to be highly sensitive to their environment. Thus, understanding the effects of the host response to the embedded cells within scaffolds is critically important, but has received little attention. This review presents an overview of the FBR and highlights recent advancements in the host response with a focus on the communication between immune cells and cells embedded within a scaffold (i.e., non-immune cells) using in vitro models and in in vivo implantation of cell-laden scaffolds.
The Foreign Body Response
The FBR is a temporal response characterized by chronic inflammation and a dense, avascular fibrous capsule ( Figure 1 ) [3, 4] . As part of the initial acute inflammatory response, phagocytes are recruited to the site of implantation with neutrophils arriving first followed by long-lived macrophages. Neutrophils are thought to be short-lived in the FBR, however, recent evidence suggests that their presence may be longer than previously thought [13] . Phagocytes recognize the implant as foreign through surface adsorbed proteins, release pro-inflammatory cytokines, and when attempts to phagocytose the foreign material fail, chronic inflammation ensues.
Macrophages, specifically, become frustrated and fuse into foreign body giant cells (FBGCs), a characteristic feature of the FBR. Although not well understood, polarization of the macrophage changes from inflammatory to an alternatively activated state and the FBR transitions into an altered healing phase. This phase leads to the formation of the fibrous capsule. In total, the FBR takes ~3-4 weeks after which the response stabilizes. Macrophages and FBGCs remain at the implant surface encased within the fibrous capsule for the lifetime of the implant, maintaining M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 low grade chronic inflammation. Once the scaffold has degraded completely, the fibrous capsule eventually breaks down [14] .
Macrophages are considered the orchestrators of the FBR and as a result have received the most attention. Macrophages are complex cells due to their involvement in inflammation, regulation, and wound healing [15] . As a result, macrophages display a high degree of plasticity [15, 16] .
Initially, inflammatory macrophages derived from blood monocytes are recruited to the implantation site. These macrophages are characterized by NF-κB activation of proinflammatory cytokines (e.g., tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β)) [17] . This phenotype can be simulated in vitro by factors such as lipopolysaccharide (LPS) and/or interferon gamma (IFN-γ) [18] . The alternatively activated macrophage phenotype that emerges as the FBR transitions to the healing phase is less understood. Several macrophage subtypes have been defined within the alternatively activated phenotype and FBGCs fall within this subset [16] . In vitro FBGC formation has been recapitulated using interleukin-4 (IL-4) or interleukin-13 (IL-13) cytokines [19] . IL-4/IL-13 stimulated macrophages have been reported to secrete molecules such as interleukin-10 (IL-10) and IL-1 receptor antagonist (IL-1ra), which attenuate and self-regulate inflammation [20, 21] , and TGF-β, which is involved in normal and altered healing (i.e., fibrosis) [22] . Although little is known about the neutrophil, a recent review suggests their role in instigating the FBR [23] . This review, however, focuses on the macrophage. response to a degradable implant, the FBR may have long-lasting effects. Thus, understanding the complex interplay between different macrophage phenotypes, the overall FBR, and the embedded cells is important to advancing tissue engineering in vivo.
The Crosstalk In Vitro: Macrophages and Cell-Laden Scaffolds
During the FBR, macrophages accumulate at the implant surface and depending on scaffold chemistry and architecture can migrate into the scaffold. As a result, macrophages can interact with embedded cells within a scaffold through paracrine or juxtacrine signaling. This signaling is two-way where molecules secreted by macrophages can signal to the embedded cells and vice versa. To tease out the signaling mechanisms involved in this dynamic crosstalk, in vitro models have been developed [24] . In this section, we highlight several examples of 'one-way' signals from macrophages to non-immune cells, 'one-way' signals from non-immune cells to macrophages, and finally the 'two-way' signals that create a highly dynamic and continuous crosstalk.
The Influence of Macrophage Paracrine Signaling on Non-Immune Cells. Prolonged exposure to pro-inflammatory cytokines, which are secreted by inflammatory macrophages under chronic inflammation, has been shown to negatively affect embedded cells within scaffolds. For example, osteogenic cells seeded onto nanofibrous scaffolds exhibited a marked reduction in mineralization with TNF-α [25] . When chondrocytes encapsulated in hydrogels were continuously exposed to IL-1α or IL-1β, cartilaginous matrix deposition and mechanical properties decreased ( Figure 2A ) [26] . Interestingly, some inflammatory molecules, such as TNF-α, have pleiotropic effects [27, 28] . For example, low concentrations of TNF-α during
osteogenic differentiation of mesenchymal stem cells (MSCs) enhanced alkaline phosphatase and mineralization, while high TNF-α concentration inhibited these osteogenic functions [29] . When macrophage conditioned medium was used, the findings were different ( Figure 2B ). Contrarily to the above mentioned studies, conditioned medium from LPS/IFN-γ stimulated (inflammatory) macrophages enhanced adipogenesis and conditioned medium from IL-4 stimulated (alternatively activated) macrophages enhanced osteogenesis [30] . This seemingly contradictory finding may be attributed to the secretion of anti-inflammatory molecules, which follow secretion of pro-inflammatory cytokines, as a means of self-regulation [31] . It is possible that the anti-inflammatory molecules in the conditioned medium may have been present at higher concentration and/or more stable than the pro-inflammatory cytokines. The complex milieu of paracrine signaling factors and their temporal profile within macrophage conditioned medium requires further study.
The Influence of Non-Immune Cells on Macrophage Polarization. Several studies have investigated growth factors, which are important to tissue engineering, and shown an effect on macrophage polarization. For example, vascular endothelial growth factor (VEGF) induced migration of inflammatory macrophages and shifted their polarization to an alternatively activated polarization state [32] . Bone morphogenetic protein 2 (BMP2) downregulated inflammatory cytokines and enhanced angiogenic factors secreted by macrophages [33] .
Immunomodulatory effects from stem cells has also been investigated. Under an inflammatory stimulant, stem cells secrete high levels of anti-inflammatory factors of which several have been identified and include prostaglandin E2 (PGE2), tumor necrosis factor-inducible gene 6 (TSG6), and IL-1ra [34] . Using MSC conditioned medium, LPS stimulated macrophages cultured on top
of a PEG-RGD hydrogel secreted less TNF-α and this down-regulation was re-capitulated with exogenous PGE2 [35] . MSC conditioned medium was also shown to promote monocyte differentiation into an alternatively activated macrophage, but independent of PGE2 [36] . These studies suggest that PGE2 may be important in attenuating inflammation, but not in shifting macrophage polarization. While stem cells have been shown to have a positive effect on attenuating inflammatory macrophages, their immunomodulatory properties are highly dependent on the culture environment. For example, 3D cultures produce greater immunomodulatory effects than 2D cultures [37] . Scaffolds that promote a stem cell morphology in between round and fully stretched showed improved immunomodulatory effects [38] .
Importantly, these studies demonstrate that non-immune cells, and specifically stem cells, and their secretome can have a significant impact on macrophage inflammatory responses and polarization states, but is dependent on the nature of the scaffold. Less is known in how tissuespecific (i.e., differentiated cells) influence macrophages. Since tissue engineering strategies often use differentiated cells, more research is needed to understand how the inflammatory environment influences differentiated cells and how their secretome in turn may affect macrophages. scaffolds containing embedded cells [39] , and c) directly mixing of cells to facilitate cell-cell contacts [24] .
Continuous Signaling Between Macrophages and Non-Immune
In co-cultures that capture paracrine-only signaling, the dynamic crosstalk can have a positive or negative impact on each cell type. For example, macrophage motility was higher in the presence of fibroblasts compared to mono-cultures [40] . For 2D cultures of calvarial osteoblasts, the presence of macrophages was necessary to induce mineralization when differentiation factors such as dexamethasone were absent [41] . When macrophages were seeded on top of a fibroblastladen PEG-RGD hydrogel with LPS, pro-inflammatory gene expression levels were elevated in both cell types while expression of collagen genes in the fibroblast cells was reduced when compared to mono-cultures ( Figure 2C ) [39] . On the contrary when macrophages were seeded on top of a similar PEG hydrogel, but which contained embedded MSCs and stimulated with LPS, pro-inflammatory cytokine gene expression in macrophages was reduced when compared to macrophages seeded on acellular hydrogels ( Figure 2D ) [35] . Other studies have reported similar findings where macrophages cultured in the presence of MSCs led to higher IL-10, but lower TNF-α secretion [42] . Interestingly, in these co-cultures with MSCs and macrophages, PGE2 levels were low in the co-culture despite being high in the MSC mono-culture [35, 42] . This observation points to a complex interplay that may have averted an inflammatory response.
These in vitro studies demonstrate that the type of embedded cell (e.g., differentiated versus stem cell) has a significant impact on the crosstalk, elevating or dampening the inflammatory response.
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A few studies have developed in vitro models to study juxtacrine signaling, where both paracrine and cell-cell contacts exist. In co-cultures with macrophages and fibroblasts, there were no significant differences between the effects of paracrine and juxtacrine signaling [43] . However, differences were noted between macrophages and adipocytes, where TNF-α levels were higher under paracrine-only signaling compared to juxtacrine signaling [44] . Preosteoblastic cells cultured in direct contact with macrophages had higher mineralization regardless of the polarization state of the macrophage (i.e., no, LPS, or IL-4 stimulation) compared to monocultures [45]. However, LPS-stimulated macrophages led to a significant decrease in osteocalcin expression in the preosteoblastic cells compared to monoculture [45] . When vascular smooth muscle cells were cultured directly with monocytes on a scaffold, their contractile phenotype was suppressed while migration enhanced when compared to monocultures; a finding that was partly mediated by IL-6 [46] . Although the mechanisms involved in juxtacrine signaling between macrophages and non-immune cells are not known, rapid communication due to close proximity and/or direct cell-cell contacts may play important roles.
Collectively, these in vitro studies using conditioned medium or co-cultures demonstrate that the cell-to-cell communication between macrophages and non-immune cells (e.g., the embedded cells) will have a significant impact on both cell types. Depending on the nature of the communication, the macrophage polarization state, and the type of non-immune cell (e.g., differentiated or stem-like), the communication can promote either an anti-inflammatory / proregenerative environment or elevate the inflammatory environment. Moreover, continuous crosstalk can lead to cooperative communication that can differ from the sum of the individual effects in mono-cultures [35, 47] .
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The Host Response and Tissue Engineering In Vivo
The in vivo host response is complex encompassing immune and other non-immune cells in a highly coordinated temporal process. Therefore, in vivo studies are critical to the 'complete picture.' In this section, we highlight several studies to illustrate the importance of the crosstalk between the host and embedded cells in mediating the overall host response to implanted cellladen scaffolds.
A number of studies have demonstrated that the scaffold chemistry (e.g., biologic versus nonbiological [5] ), scaffold architecture (e.g., porosity [48] ), and incorporation of anti-inflammatory ECM molecules (e.g., chondroitin sulfate [49], netrin-1 [50] ) can improve the host response by attenuating the overall inflammatory response. However, only a few studies have examined the effect of incorporating cells of autologous or syngeneic (i.e., cells from a genetically identical animal) origin within an implanted scaffold on the host response. These studies, although few, indicate that these cells will indeed have an impact on the host response. For example, when autologous cells were seeded onto a decellularized ECM biologic scaffold, which on its own promoted constructive healing, the host response instead consisted of classically activated macrophages and a fibrotic, scar-like healing response [51] . PEG hydrogels, which elicit a FBR on their own [9] , were shown to exhibit an even more severe FBR when the hydrogel contained either syngeneic dermal fibroblasts [39] or syngeneic osteogenically differentiated MSCs ( Figure   3A ) [35] . In the former, the cellular content and ECM deposited by the dermal fibroblasts decreased over time, suggesting that the embedded cells were also negatively impacted. These studies point to the crosstalk between differentiated cells and host immune cells in elevating the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 12 inflammatory response. Several mechanisms may contribute to a more severe response including the embedded cells releasing their own inflammatory molecules, which is supported by in vitro co-culture studies [39] , or cellular death, which releases endogenous intracellular molecules that act as danger associated molecular patterns. Similarly in accordance with in vitro studies, when the embedded cells were MSCs, the FBR to a cell-laden PEG hydrogel was attenuated, but was dependent on the differentiation stage of the MSC ( Figure 3A) [35] . A recent study combined the need to develop scaffolds for tissue engineering and to modulate the immune response ( Figure   3B ) [52] . In this study, a polysaccharide coating, which induced a macrophage polarization state spanning inflammatory, pro-angiogenic, and pro-osteogenic, was applied to a MSC-laden crosslinked gelatin hydrogel. In vivo, the coating reduced the FBR, improved vascularization, and enhanced osteogenesis of the embedded MSCs. Collectively, these studies further support the in vitro studies indicating that the crosstalk between the embedded cells and interrogating immune cells has a significant impact on both the host response and the embedded cells' ability to synthesize and deposit new tissue.
Concluding Remarks
Tissue engineering strategies that involve the implantation of cell-laden scaffolds offers a promising approach to regenerating functional tissue in vivo. However, a successful strategy requires that the host responds with a minimal inflammatory response and promotes a normal healing response long-term. It is well-known that acute inflammation occurs as a result of the surgical procedure of implantation and that non-biologic scaffolds induce a FBR, prolonging inflammation. Recent evidence has emerged from in vitro and in vivo studies that implicate cells embedded within the scaffold (i.e., a cell-laden scaffold) as factors that contribute to the host M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 13 response. Importantly these findings demonstrate that, depending on the type of cell within the scaffold, the inflammatory response can be elevated or dampened. The immunomodulatory effects of stem cells and their ability to not only dampen the inflammatory response, but also shift the healing from a pro-fibrotic to a pro-regenerative healing response is exciting for tissue engineering. There is however more research needed to identify the signaling factors, both good and bad, that are involved in the crosstalk between embedded cells and the host immune cells. create the conditioned medium (CM). The CM was then supplemented with osteogenic factors and applied to bone marrow derived mesenchymal stem cells (MSCs) for seven days. Gene expression of two osteogenic genes, osterix and osteocalcin, are shown. Reproduced from [30] .
In (C), macrophages were seeded on top of a fibroblast-laden poly(ethylene glycol) (PEG) hydrogel with RGD and cultured with or without LPS. The cell populations were separated after 24 hours and gene expression analyzed for the macrophage by IL-1β and tumor necrosis factor-α (TNF-α) and for the fibroblast for collagen 1α and IL-1β. The horizontal line represents the corresponding mono-culture. Reproduced with permission from [39] . In (D), macrophages were seeded on top of a MSC-laden poly(ethylene glycol) (PEG) hydrogel with RGD and cultured with or without LPS for 24 hours. Relative expression for the macrophage was assessed by TNFα and TNF-α protein was measured in the medium. Reproduced with permission from [35] . 
